Previous research has shown the negative impact of sedentary behavior on health, including cardiovascular risk factors, chronic disease"related morbidity, and mortality. validity, objective measure, subjective measure, accelerometer, public health, physical activity
. Continued efforts are being made to reduce measurement error in assessing sedentary behavior, but due to the changing definitions of sedentary behavior and the challenges of capturing its two primary components (posture and energy expenditure), many critical measurement challenges remain unresolved.
The purpose of this article is to provide an overview of the nature and importance of sedentary behavior, to describe the primary measurement methods including subjective and objective measurement tools, to review important sedentary behavior measurement and data processing issues and challenges, and to present key findings from the most recent sedentary behavior measurement"related research. It concludes with a list of recommendations to be considered when measuring sedentary behavior.
What is sedentary behavior?
The definition of sedentary behavior has evolved considerably in the past 10 years.
Interestingly, its roots lie in the Latin
, meaning "to sit". In early physical activity recommendations and physical activity epidemiology research, the term "sedentary" (or sometimes "essentially sedentary") was synonymous with "inactive/low active" (e.g., Paffenbarger, Hyde, Wing, & Hsieh, 1986) , or "inactive/irregularly active" (e.g., Centers for
Disease Control and Prevention, 1993) . Predominant current thinking is that inactivity and sedentariness are separate constructs. Thus, Owen, Healy, Matthews, and Dunstan (2010) proposed sedentariness to be defined that "sedentariness (too much sitting) is distinct from too little exercise" (p. 105). More specifically, this newer conceptualization has been characterized as prolonged sitting, requiring low levels of energy expenditure ranging from 1.0 to 1.5 metabolic equivalent units (METs) (Owen, Bauman, & Brown, 2009; Pate, O'Neill, & Lobelo, 2008) . In 2012, the Sedentary Behavior Research Network published an updated there appears to be a broad contemporary consensus that sedentariness involves both a postural aspect (sitting or lying) and low levels of energy expenditure, and does not include light activity (e.g., quiet standing).
Energy expenditure or the amount of movement is relatively homogenous during sedentary behavior whereas physical activity has several intensity categories and movement patterns (such as upper body, whole"body, ambulatory, and stationary). In some aspects the physical mode of sedentary behavior also is far more homogenous (sitting or lying), compared to physical activity. Perhaps the more challenging aspect of measuring sedentary behavior is that its temporal pattern is far more complex, because it occurs throughout the day and is broken up into multiple bouts of varying length making the temporal patterning aspect of sedentary behavior the most difficult to interpret.
From a pure movement or energy expenditure perspective, Tremblay et al. (2010) conceptualized sedentary behavior as being at one end of a physiological continuum, above sleep, with vigorous intensity physical activity at the opposite end of the continuum. with health"enhancing physical activity, it serves as a useful heuristic and reminder throughout this paper of the importance of matching conceptualization of the construct to the methods used to measure it. Sedentary behavior has been evaluated using a variety of subjective measures (questionnaire, interview, and activity"recall instruments) and objective measures (accelerometry"based motion sensors and inclinometers). Several current approaches to measuring sedentary behavior match dimensions represented by the SITT acronym (Tremblay et al., 2010) . Sedentary bout frequency (S) can be derived from any objective measure of sedentary behavior and sedentary breaks. Similarly, interruptions (I) can be operationalized either through sit"to"stand transitions from instruments such as the activPAL, or by detecting any drop in activity counts below a specific threshold (e.g., 100 counts/minute [cpm] in the ActiGraph). Total time spent in sedentary behavior (T) can be derived by summing time in sedentary bouts, via procedures just described, or via questionnaires. For example, the Occupational Sitting and Physical Activity Questionnaire (Chau et al., 2012 ) uses an algorithm to multiply self"reported percent occupational time spent sitting by self"reported total time spent at work. Lastly, type of behavior engaged in while being sedentary (T) cannot typically be derived from objective measures of sedentary behavior, but is conveniently assessed via self"report. More recently, wearable cameras and photographic images have been used to classify contextual information about specific behaviors while sitting (e.g., Chastin, Schwartz, & Skelton, 2013; Kerr et al., 2013; Kim, Barry, & Kang, 2015) , providing a relatively nonintrusive method of directly observing behavior type and context.
Overview of Sedentary Behavior Measurement Methods
A common approach to evaluating sedentary behavior is to ask a single question (e.g., time spent TV viewing) in an interview or activity"based questionnaire format concerning the amount of total time spent sitting or lying down (e.g., Clemes, David, Zhao, Han, & Brown, 2012 & Bauman, 2012; Marshall, Miller, Burton, & Brown, 2010; Rosenberg et al., 2010) . The
Sedentary Behavior Questionnaire (Rosenberg et al., 2010) Questionnaire (Chau et al., 2012 ) is specific to the workplace environment and asks participants to report how many hours they worked in the previous 7 days and the number of days they were at work. It subsequently asks for percent time at work spent sitting, standing and in physical activity. A basic algorithm is then used to compute total sitting time at work during one week.
Subjective measures have historically been preferred in large"sample observational studies of physical activity due to relatively low administration costs and participant burden 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59 (Sallis & Saelens, 2000) , and the same has recently been true for use of surveys for large" sample measurement of sedentary behavior (Atkin et al., 2012) . Subjective measures are also useful to identify the type of behavior and the context in which the sedentary behavior occurs, which is typically not possible with objective measurement methods. The reported validity coefficients of subjective measures, however, have varied greatly among studies (range ".02
to .83; Healy, Clark, et al., 2011) . Depending on the study, estimates from subjective measures may over" or underestimate time spent in sedentary behavior (Clark et al., 2011; Healy, Clark, et al., 2011) . Many factors may lead to the inconsistency, including inappropriate criterion measures used (e.g., using motion sensors instead of using direct observation), different qualitative attributes (e.g., recall period and question/response format), mode of administration (e.g., interview vs. self"administration), the time frame of assessment (e.g., past day, past week, usual week, past year), population being assessed (e.g., children, adults and older adults), and cultural norm and social desirability of the response (Atkin et al., 2012; Healy, Clark, et al., 2011) . Furthermore, sedentary behavior is not commonly structured and purposive like physical activity; rather, it occurs persistently throughout the day. This may negatively impact participants' ability to recall accurately the amount of time spent in sedentary behaviors in free"living environments (Healy, Clark, et al., 2011; Owen et al., 2010) .
To overcome some of these recall"related problems, diaries and ecological momentary assessment (EMA) were developed to record patterns (i.e., the temporal combination of activities) of sedentary behaviors. EMA is a strategy that can simultaneously capture a behavior and the factors that may influence it by allowing participants to report their current activity, location, and social surroundings (Dunton, Liao, Intille, Spruijt"Metz, & Pentz, 2011 ). One of the major advantages is its ability to provide ecologically valid ("real"world") Limitations of the diary and EMA method are the relatively heavy participant burden, since they both require a high level of adherence to reporting protocols, and the potential for participant reactivity (Atkin et al., 2012 & Granat, 2006) . Thus, time stamped data record when the wearer transitions from one mode (sit/lie, stand or step) to another. The exact angle of the thigh that corresponds to transitioning from a sitting to standing position, and that corresponds to transitioning from standing to sitting, are different, as applied by the proprietary algorithms. Specifically, a differential threshold is applied, where the angle determining a sit"to"stand transition is closer to vertical than the angle used to determine a stand"to"sit transition. Manufacturer software is then used to reduce data from the event file into summary data on time spent sitting/lying, standing, and Regardless of whether a primarily energy"expenditure"driven instrument or a primarily posture"driven instrument is used, similar processes underlie the generation of data from objective devices, as represented in Table 1 Similar to many other areas of kinesiology such as the prediction of maximal aerobic fitness or the prediction of body composition components, all sources of variability that are not attributable to true score variability should be considered, including aspects such as data reduction techniques, application of software algorithms and rules associated with valid wear time.
Objective measures of sedentary behaviors are increasingly used as they are believed to provide more valid and reliable estimates of total time spent in sedentary behaviors in a free"living environment compared to subjective measures of sedentary behaviors (Atkin et al., 2012; Healy, Clark, et al., 2011) . They also provide more detailed data on temporal pattern.
There are, however, several challenges of using objective measures. worn accelerometry for identifying sedentary behaviors. Rowlands et al. (2014) investigated the classification accuracy of the GENEActive triaxial accelerometer for determining posture, using the activPAL as the criterion measure. In three small but diverse samples, classification accuracy from the wrist"worn GENEActive for sitting/lying and standing was generally moderate to high, as evidenced by inter"instrument correlations, kappa, and mean differences.
Some of the results were not as positive, but this method is still at the developmental stage and shows promise for measuring the broader spectrum of physical behaviors.
Second, the appropriateness of the activity counts threshold between sedentary behavior and light"intensity activity is of particular importance (Kim, Lee, Peters, Gaesser, & Welk, 2014; Kozey"Keadle, Libertine, Lyden, Staudenmayer, & Freedson, 2011) . The activity count threshold of 100 cpm for ActiGraph single"axis data is generally accepted in adults, but the validity evidence and justification of this threshold is quite limited (Atkin et al., 2012 ; sedentary. Results supported the use of a <100 cpm threshold with the highest classification accuracy at the hip (93% agreement; Cohen's κ = .81; sensitivity = 94%; specificity = 93%).
Another unique finding of their study was that the thresholds were highly variable between hip and wrist, suggesting that location must be considered in applying an activity count threshold for sedentary behavior, as is the case for determining threshold for physical activity intensities. This is especially critical as large"sample surveys such as NHANES have switched to the wrist"worn position in order to increase compliance. This appears to have worked, as compliance increased from 40%"70% in the 2003"2004 NHANES cycle to 70%" 80% in the 2011"2012 cycle (Troiano, McClain, Brychta, & Chen, 2015) . NHANES is probably the most widely"used data set for epidemiological publications on physical activity and health, with over 3,000 publications containing the term NHANES in their title. As the switch to a wrist"worn position in NHANES has been so successful in improving adherence and wear time, it is reasonable to assume that the wrist"worn position will continue to be used (and may increasingly be used) in future research on physical activity and sedentary behaviors. with a minimum wear"time of 12 hours was 18% (7"day minimum), 50% (5"day minimum), and 72% (3"day minimum) compared to compliance values for 10 hours of 33% (7"day minimum), 67% (5"day minimum), and 83% (3"day minimum). Overall, this corresponded to data loss of 11%"17% for a 12"hr minimum wear time compared to a 10"hr minimum wear time.
One solution may be to individually impute data from shorter wear times to a defined "maximum day". For example, if the maximum day were defined as 16 hours of wake time, Maher, Mire, Harrington, Staiano, & Katzmarzyk, 2013) . This may be a legacy effect, as (beneficially) associated with health outcomes when delimited to breaks that followed a brief bout of sedentary behavior, but negatively (detrimentally) associated with health outcomes when limited to breaks that followed a longer sedentary bout duration. This clearly indicates that when investigating sedentary breaks, we should not apply the prevailing "one"size"fits"all" approach in which any postural transition following a period of sedentary behavior is counted as a break, regardless of how short the sedentary bout was (typically, anything of at least 1 min is currently counted as valid). From the study, it appears that different methods for computing a sedentary break result in variables that have different implications for health.
The apparent finding that "more frequent" breaks in prolonged sitting are detrimentally associated with health seems counterintuitive. However, it simply reflects the fact that the number of breaks following prolonged sedentary bouts serves as a proxy for prolonged sitting (i.e., a break can only occur if a prolonged bout occurs). Interestingly, the total number of sedentary breaks was identical or slightly less than the accrued number of sedentary bouts of at least 1"min bout duration. In other words, counting the number of transition points from a sedentary to active phase would produce a very similar number compared to the number of sedentary bouts (Kim et al., 2015) . This finding indicates that we might be incorrectly measuring the conceptual definition of valid sedentary breaks (interruptions in sedentary time)
using the current method of processing data to arrive at sedentary breaks. Further research is needed to improve the validity of objectively measured sedentary breaks.
Besides temporal issues related to sedentary bout length and sedentary breaks, there are broader temporal conundrums in the assessment of total daily sedentary time. Unlike MVPA, which is largely temporally independent of waking time, sedentary time is much more temporally dependent on wake time. The pie chart in Figure 1 illustrates why. Physical behavior during total daily time (24 hr) can be broken up into four types of behaviors. A small Troiano et al., 2008) , even using very liberal criteria (not applying a restrictive 10" min bout condition). This corresponds to only 0.4% to 3.0% of each daily 24"hr cycle.
Conversely, mean sleep time in a similar sample of adults ranged from 6.7 to 7.4 hr, or 28%
to 31% of a daily 24"hr cycle (Ram, Seirawan, Kumar, & Clark, 2010) . Also using NHANES accelerometry data, Matthews et al. (2008) 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59 In this paper we have attempted to set the scene for subsequent evidence"based papers evaluating methods for assessing sedentary behavior. In population"based observational studies to monitor sedentary behavior, subjective measures have been preferred for their efficiency and practicality; however, several disadvantages of subjective measures impede the reliable and valid estimation of sedentary behavior in free"living environments.
Furthermore, while objective measures of physical activity have been shown to provide more reliable and valid estimates for sedentary behavior compared to subjective measures, they are still limited in their ability to obtain accurate measurements that comply with the current definition of sedentary behavior. Specifically, no current widely"available objective tool accurately detects both posture and energy expenditure, and none accurately measures the full spectrum of physical behaviors (from sleep to vigorous intensity physical activity).
In this paper, different methods have been described for assessing sedentary behavior, but no specific method can be identified as the best method for all purposes. Each method has its own advantages and disadvantages, which must be carefully considered before selecting a measure. New analytic and modeling approaches for translating raw accelerometer data to classify different types of sedentary behavior show considerable promise; yet challenges regarding the application of analytic and modeling approaches in free"living environments still need to be addressed. Regardless of the sedentary behavior measure chosen, researchers must be aware of all possible sources of error inherent to each technique and attempt to minimize those errors thereby increasing the validity of the outcome data.
We present below specific recommendations based on the current evidence and thinking presented in this paper:
Subjective measures are primarily suitable for providing general summary information. They are most suited to use in large"sample descriptive studies, Until technological advances facilitate the combination of both methods in a single instrument, posture"focused instruments should be used where sedentary behavior is the primary outcome of interest and energy"expenditure"
focused instruments should be used where differentiating between intensities of physical activity is the primary goal.
Wear time influences estimates of sedentary behavior more than for estimating other physical behaviors. To resolve this problem, either stricter wear time criteria must be applied or missing data should be imputed to at least reflect a "standard day". Further semi"simulation studies are needed in order to evaluate the effect of various imputation methods on accuracy of full"day estimates of sedentary behavior.
Because of the mathematical interdependence of sedentary time and sleep time, and the fact that sleep time is generally beneficial to health, estimates of sedentary time should preferably be adjusted to reflect accurately"determined wake time, possibly assessed via a wake and sleep log.
When aggregating sedentary time, a minimum bout length of at least 5 continuous minutes should be used from waist"worn accelerometer devices. preceding a break and the length of the break itself also need to be considered.
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